The aims of the present study were first to compare the amino acid dilution method performed using labelled animals with that using labelled diets, and second to determine real digestibilities and total ileal endogenous losses of N and amino acids. Two diets containing pea cultivars (Solara and Amino) and a protein-free diet were compared in a 3 × 3 Latin-square experiment. The three pigs were each prepared with an ileo-rectal anastomosis and were continuously infused with [1-
The aims of the present study were first to compare the amino acid dilution method performed using labelled animals with that using labelled diets, and second to determine real digestibilities and total ileal endogenous losses of N and amino acids. Two diets containing pea cultivars (Solara and Amino) and a protein-free diet were compared in a 3 × 3 Latin-square experiment. The three pigs were each prepared with an ileo-rectal anastomosis and were continuously infused with [1-
13 C]leucine. For each cultivar, 15 N-labelled and unlabelled diets were formulated. The real digestibility and endogenous losses of leucine were higher when obtained by labelling the pig than by labelling the foodstuff. This was due either to the inadequate estimation of the endogenous protein enrichment in the first case or to the importance of dietary N recycling in the second case. However, in both cases the ileal endogenous losses of N and amino acids were higher than the basal losses determined with the protein-free diet. There were significant differences between the two pea cultivars in terms of phenylalanine and leucine when measured with labelled diets. It is suggested that, although ileal endogenous losses may be underestimated, using labelled feedstuffs is of great interest due to the direct estimation of the individual amounts of amino acids.
Amino acids: Isotope dilution method: Endogenous losses
The determination of the real digestibilities of N and amino acids (AA) in feedstuffs is of great interest in the context of pig production because it allows better adjustment of the supplies to the requirement and reduction of N pollution. One of the most commonly used techniques to determine real digestibility and total endogenous ileal losses is the isotope dilution method (Souffrant et al. 1981) . The isotope dilution method can be performed either with labelled diets or with labelled animals. Fast recycling of dietary AA in the endogenous secretions impairs the results obtained with labelled diets, and this factor is assumed to lead to an underestimation of the endogenous losses (Leterme et al. 1996) . The results obtained with labelled pigs are largely dependent on the identification of an adequate and accessible reference pool reflecting the enrichment of the endogenous proteins secreted in the lumen (Hess et al. 1998b; Leterme et al. 1998) .
The aim of the present experiment was to determine to what extent the two ways of labelling introduce errors in the determination of real digestibility. The comparison of the two methods was performed within pigs, first fed on diets containing unlabelled peas and labelled by constant infusion of [1-13 C]leucine, and second, fed on a meal of the same diet containing 15 N-labelled peas. In the current paper we present the ileal endogenous N and AA flows as well as the real digestibility estimated with those labelled diets. We also compare the leucine value with that obtained with [1-and the carotid artery (polyvinyl chloride carotid catheter, i.d. 1⋅02 mm, o.d. 1⋅50 mm (Dural Plastic Engineering, Australia) 180 mm deep).
Infusions and blood sampling
The infusion of the [1-13 C]leucine (99 % 13 C-enrichment; Cambridge Isotope Labs. Inc., Andover, MA, USA) started on the week following the insertion of the catheters. A sterile leucine solution was continuously infused at a level of 8⋅9 mg leucine/kg body weight 0⋅75 per d and at a rate of 2 ml/h for 24 d as previously described (Hess et al. 1998b) (Fig. 1) . The solution was infused into the jugular vein and carotid artery using a syringe pump (Perfusor, Braun, Germany). The site of infusion was alternated on the day following blood sampling. Blood samples taken from the portal vein were analysed for [
13 C]leucine enrichment since the enrichment of free AA in the plasma of the portal vein better reflects the enrichment of the endogenous secreted AA (Hess et al. 1998b) . In total there were eleven blood samples on each animal. The first sample was obtained before starting the infusion in order to determine the basal enrichment of [ 13 C]leucine in the pigs. During the infusion, each sample consisted of 20 ml made of four equal portions collected at 08.00 hours (before the morning meal), 10.00, 12.00 and 14.00 hours on days 3, 5, 8, 10, 12, 15, 17, 19, 22 and 24 . Each blood sample was collected into an ice-cooled tube which contained 50 IU heparin, and was then centrifuged. Plasma was removed and stored at −20Њ until further analysis.
Diet and digesta collection
Two pea cultivars (Pisum sativum L. cv. Solara and Amino) were grown in 1996 by G. Duc (INRA, Station de Génétique at d'Amélioration des plantes de Dijon, 21034 Dijon cedex, France). In each field, a restricted area (about 40 m 2 ) received labelled ammonium nitrate ( 15 N 2 , 11⋅5 %, Cambridge Isotope Labs. Inc.). All tested products were ground through a 2⋅5 mm mesh screen before mixing. A protein-free diet and two diets containing 150 g protein/kg, using pea cultivars each as the only protein source, were formulated (Table 1) . Labelled diets were formulated by substitution of labelled for unlabelled pea and Cr 2 O 3 (3 g/kg) was substituted for starch. Before feeding the experimental diets, the pigs were fed on a standard grower diet.
The animals were fed at 80 g DM/kg body weight 0⋅75 per d at 08.00 and 15.30 hours in two equal portions mixed with water (1 : 2, w/v). At 3 d after beginning the [1-13 C]leucine infusion, the experimental diets were offered according to a Latin-square design. After 4 d of adaptation to an experimental diet (days 4-7, 11-14, 18-22) , the ileal digesta that appeared over 48 h was quantitatively recovered in 500 ml 0⋅7 M-H 2 SO 4 . Collections of digesta were made immediately after each meal. Urine was collected into 1⋅9 M-H 2 SO 4 . The pigs received the unlabelled diet except in the morning on days 10, 17, and 24 when they were given the 15 N-labelled test diet containing Cr 2 O 3 . Following the distribution of the test diet, the digesta was quantitatively collected in plastic bags for 9 h. A collection was made each hour. Immediately after collection, the bags were stored at −20Њ, then freezedried, weighed and stored in a cool place until further analysis. When the pigs were fed on the protein-free diet, the total collection period was 3 d.
Chemical analysis
Digesta collected for 2 d was analysed for DM, N and AA contents and [ N enrichment was observed in the ileal digesta as described by Leterme et al. (1996) Poncet & Rayssiguier (1980) . The AA contents in the digesta and diets were determined by liquid ion-exchange chromatography (Biochrom 20, Pharmacia, Saclay, France) after a 23 h hydrolysis in 6 M-HCl. A factor of 1⋅06 was used to correct the values for serine, valine and isoleucine. For S amino acids, the acid hydrolysis was preceded by a performic oxidation. N-labelled test diet (T) was given and the digesta was collected every hour for 9 h. Blood samples were taken before and on days 3, 5, 8, 10, 12, 15, 17, 19, 22, and 24 of the infusion. spectrometry as previously described (Le Floc'h et al. 1997; Hess et al. 1998b ).
Calculation
Two ways of calculation were compared. First, using the labelled meal, the endogenous losses were calculated as the amount of unlabelled N on the basis of recovered Cr 2 O 3 in the digesta (equation 3). Second, it was considered that the labelled diet allowed the accurate determination of the real digestibility (equation 6) but not of the endogenous flows. The total endogenous flows were calculated as the difference between the apparently digestible fraction measured with the 2 d collection data and the truly digestible fraction measured with the test meal collection data (per animal per diet) (equation 3Ј).
When the isotope dilution method was performed with labelled pigs, the endogenous leucine losses were calculated using the following equation (de Lange et al. 1990) :
where leuendo is the total endogenous leucine losses in ileal juice in g/kg DMI; leudigesta is the total leucine in ileal juice in g; E13diet, E13blood, E13digesta are the 13 C enrichment values for leucine in the diet, in the plasma TCA-soluble fraction and the ileal juice respectively, in atom percent excess; DMI is DM intake in kg.
When the isotope dilution method was performed with labelled diets, the endogenous N and AA losses were calculated using the following equation (Leterme et al. 1997) :
% Nendo ϭ 100 Ϫ ð100 ϫ E15digesta=E15dietÞ; (2) where % Nendo is the proportion of endogenous N (AA) in the digesta collected from the test meal; E15digesta and 
True digestibility ϭ 100 ϫ ð1 Ϫ ðNd ϫ DME=DMI Ϫ NbasendoÞ=NiÞ ð2 d collectionÞ; (5) where Nbasendo is the basal endogenous losses defined as the ileal flow collected from the protein-free diet in g/kg DMI, Ni is the quantity of N ingested per DMI, DME is the DM excreted in kg.
Real digestibility ϭ 100 ϫ ð1 Ϫ ðNd ϫ DME=DMI Ϫ NendoÞ=NiÞ ð 15 N-labelled test meal or ½ 13 Cÿleucine-labelled pigÞ:
An alternative calculation of the endogenous flow was made by difference using the total ileal flow obtained with the 2 d samples and the dietary ileal flow estimated using the real digestibility (RD) coefficient determined with the respective test meal:
Values are presented as means with their standard errors. ANOVA was carried out to assess the differences between diets using the general linear models procedure of SAS (1989; Statistical Analysis Systems Inc., Cary, NC, USA). A Student follow up t test was used for comparisons of means and differences were declared significant at P Ͻ 0⋅1.
Results
All the animals were in good health and consumed their feed allowance throughout the experiment. The N and AA apparent and true digestibilities of the two tested peas, determined with the 2 d collection data, are presented in Table 2 . The apparent digestibilities of Amino were lower than those of Solara. Due to the small number of data, there were significant differences only for lysine, arginine, histidine and methionine. The same results were obtained with the test meal collection data using the Cr 2 O 3 marker but the differences were not significant due to a higher standard error (results not shown).
The endogenous flows of N and some AA expressed in g/kg DMI are presented in Table 3 . The SEM for leucine, isoleucine, valine, threonine and glycine were similar with the two methods of calculation (test meal collection and 2 d samples). In contrast, the SEM for lysine, phenylalanine, alanine and proline were higher with the 2 d collection than 126 V. Hess et al. 
a,b Mean values within a row not sharing a common superscript letter were significantly different, P Ͻ 0⋅1. * For details of diets and procedures, see Table 1 and pp. 124-126.
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with the test meal collection. Using the test meal sample, due to high variability, total ileal endogenous losses of N recovered from the protein diets did not differ from the basal losses determined with the protein-free diet. For Solara, the estimated endogenous losses of AA differed from the basal losses except for lysine, isoleucine, valine and proline. The Amino diet induced higher than basal AA endogenous flows for lysine, phenylalanine, threonine, glycine and alanine. The endogenous flows differed significantly between Solara and Amino only for phenylalanine and leucine. Using the second method of calculation (equation 3Ј) the endogenous losses associated with the Amino cultivar were significantly higher than the basal losses for N and all the AA except lysine (due to a high standard error). The differences between Solara and basal losses reached statistical significance only for threonine. The endogenous losses were significantly higher with Amino than with Solara for threonine, glycine, alanine and proline. For N and all the AA except alanine, there was no significant effect of the method of calculation to determine the endogenous flows and the interaction between the method of calculation and diet was never significant (results not shown). For the determination of the endogenous losses of leucine, the two methods of calculation with labelled feedstuffs, using the test meal and the 2 d collection data, are compared with the results obtained with labelled pigs on the pooled data of each cultivar of pea (Table 4 ). The ileal endogenous loss and real digestibility of leucine determined with the labelled foodstuff were significantly lower than those determined with the labelled pig. Calculation of the endogenous losses by the 2 d samples method led to an intermediate value, although this value was not significantly higher than the test meal value and was significantly lower than that obtained from the labelled pig determination.
The real digestibility coefficients are presented in Table 5 . The real digestibilities of N and AA did not differ between the two cultivars. This lack of difference was due to the small number of data.
Discussion
The aim of the present experiment was to compare the isotope dilution method performed by labelling the pig with that performed by labelling diets. By labelling the pig, the [ (Hess et al. 1998b) . Leterme et al. (1998) 
a,b,c Mean values within a row not sharing a common superscript letter were significantly different, P Ͻ 0⋅1. * For details of diets and procedures, see Table 1 and pp. 124-126. † Endogenous leucine estimated by the isotope dilution method using the portal free [ Mean values within a row not sharing a common superscript letter were significantly different, P Ͻ 0⋅05. * For details of diets and procedures, see Table 1 and pp. 124-126.
. https://doi.org/10.1017/S0007114500000167 dilution method by labelling the animals. They concluded that [
13 C]leucine did not allow the determination of the total N endogenous losses. However, it has been shown that total N dilution method data cannot be extrapolated to the individual AA (de Lange et al. 1990 (de Lange et al. , 1992 Lien et al. 1997; Hess et al. 1998b) . Moreover, Leterme et al. (1998) used systemic blood as the reference pool, and this may have led to an underestimation of the ileal flow of the endogenous proteins (Hess et al. 1998b) . Furthermore, using the leucine isotope dilution method, these authors showed that the proportion of endogenous leucine in the ileal digesta was the same with either [ In the present experiment, the endogenous loss of leucine calculated with the AA dilution method did not differ significantly from that measured with the protein-free diet. The present data support the previous conclusion that the AA isotope dilution method is appropriate when performed by pig labelling with the portal enrichment as reference pool (Hess et al. 1998b) . However, a protein-free diet does not prevent unlabelled AA diluting the enrichment of the free plasma pool. The question of whether or not this conclusion may be applied to protein-containing diets may be raised again. The portal vein enrichment is very sensitive to the level of dietary AA (Lobley et al. 1996) and the passage from the fasted to the fed state induces a more pronounced decrease in the enrichment of the tracers in the portal vein than in the artery (Yu et al. 1990) . The representative precursor pool of the endogenous protein labelling depends on the relative contribution of dietary AA to the precursor pool for secretory protein synthesis. The contribution of lumen protein to enterocyte protein synthesis was clearly demonstrated (Alpers, 1972) . If this contribution is less than proportional to the flow, using the enrichment of the portal plasma pool as reference may induce an underestimation of the true enrichment and, accordingly, an overestimation of the endogenous protein losses. This risk is difficult to assess and further work would be needed to evaluate it more precisely.
On the other hand, the results obtained with the labelled diet are impaired by the fast recycling of dietary AA in the secretory tissues and in secretions which leads to underestimation of the endogenous flows of AA and, therefore, leads to an underestimation of the real digestibility according to Leterme et al. (1996) . Their data showed that the enrichment of leucine in mucin increased slowly with time. As a consequence, we decided not to include in the analysed mean pool digesta obtained later than 4 h after the first appearance of 15 N, and to limit the recovery of digesta to 55 % of ingested Cr 2 O 3 in order to calculate a reliable value for real digestibility from Cr 2 O 3 and 15 N contents. Even under these conditions, the endogenous flow of leucine was calculated to be significantly lower than the endogenous flow determined with the [ 13 C]leucine-labelled pig, suggesting that recycling did occur. Another cause for the underestimation of endogenous losses with reduced time of collection may be that secretion of endogenous proteins is a process that continues throughout the day (Corring & Saucier, 1972; Hee et al. 1988) , so that the ileal endogenous flows may be delayed compared with the ileal exogenous flows. Zebrowska et al. (1982) and Darcy-Vrillon et al. (1991) showed post-prandial variations in the relative contributions of endogenous and exogenous materials at the end of the ileum. The most important contributions to the endogenous flows were fractions collected during the first 4 h and after the 10th h following the distribution of a protein meal (Darcy-Vrillon & Laplace, 1983) , which were discarded in the current experiment. This means that the restricted collection period, as achieved after the test meal, allows the determination of the exogenous 15 Nlabelled indigestible fraction, and consequently the real digestibility, but is likely to underestimate the total ileal flows, and consequently the endogenous flows. Therefore, the second method of estimating the endogenous flows by difference between the apparently indigestible flows measured during the 2 d collection periods and the truly indigestible flows determined during the test meal 8 h collection period (equation 3Ј), should give a higher and more reliable value than the first method using only the test meal data (equation 3). However, this reassessment did not give significantly higher endogenous losses except for alanine. In fact, the leucine endogenous loss calculated with this alternative method remained largely lower than when estimated by labelling the pig. On the other hand, the endogenous losses of AA estimated with the 2 d collection method were consistently higher with Amino than with Solara and the data from the test meal collection did not lead to such a clear conclusion. This result suggests that the delay of the endogenous protein flows differed between the two dietary protein sources. Therefore the advantage of collecting digesta for only a few hours after a test meal in reducing the effect of recycling may be reduced by the delay of the endogenous protein flow.
Regarding the usual digestibility data, the correction for basal endogenous losses leads to the calculation of true digestibility (equation 6). Compared with the apparent digestibility values, the true digestibility values did not demonstrate the differences between the two cultivars. Because dietary protein contents were similar, the correction factor of the apparent coefficient was the same for both protein sources. For the Solara cultivar, the present apparent digestibility results for N were lower than those reported by Jondreville et al. (1992) , whereas the digestibility of lysine was in accordance with those results (Jondreville et al. 1992; Canibe & Eggum, 1997) . The present results are in agreement with literature data showing large variations of apparent digestibility among different cultivars (Huisman et al. 1992; Jondreville et al. 1992; Fan & Sauer, 1994) . According to some authors, these differences are due to differences in endogenous losses, while pea protein is highly digestible (Bender & Mohammadiha, 1981; Huisman et al. 1992) . The present results show that there were significant differences in the endogenous losses of some AA but not in real digestibility between the two cultivars and they would confirm this point of view. However, previous data (Hess et al. 1998a) have shown that values for real digestibility of N may also differ between other spring pea cultivars. These results have shown that real digestibility and endogenous losses are independent of each other. Moreover, the present data confirm the poor precision of the isotope dilution method when applied to total N and that the [ The present results show that in comparison with the results obtained with labelling of pigs through infusion of labelled AA, the determination of the total endogenous losses with labelled feedstuffs leads to an underestimation, presumably due to the fast recycling of dietary AA in the endogenous secretions. However, the degree of this underestimation may not be clearly assessed due to some question regarding the reference pool used when labelling pigs. The results also suggest that a delay between exogenous and endogenous flows at the end of the ileum may depend on the dietary protein source. However, one of the main problems of the method using the labelled pig is that there is no direct measurement of the endogenous flow of each AA in contrast with the use of labelled protein. Therefore, the use of the latter technique remains of great interest to estimate the endogenous flows and the real digestibility provided that the underestimation is still constant among different protein sources.
